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Abstract
Elliptical trainers are machines that were designed to mimic the motion of running while
reducing the ground reaction forces and joint loading on the lower body. As a result, endurance
runners commonly use it as a cross-training modality. The purpose of this study was to
investigate the effects of ramp incline and resistance in elliptical exercise on metabolic cost and
lower limb muscle activation patterns. A secondary purpose was to compare the metabolic cost
and muscle activation patterns of elliptical exercise to running. Methods: Gross metabolic cost
and muscle activation for eight muscles of the leg were measured during elliptical exercise
across combinations of three levels of ramp inclines (20, 23, and 27 degree slope) and three
levels of resistance (3, 6, and 9), as well as during running exercise at 6.7 mph. Results:
Increases in ramp incline resulted in a 2-6% increase in metabolic cost (p <0.05), a 14% increase
in Rectus Femoris activity (p = 0.007) and 30% increase in Tibialis Anterior activity (p = 0.003).
Increases in resistance levels resulted in 30% greater metabolic cost (p < 0.001) and higher
average muscle activity in five of the eight measured muscles (p = 0.001-0.004). Running
elicited greater peak and average muscle activation across the gait cycle compared to elliptical
exercise when at a similar metabolic cost and heart rate response. Conclusion: Changes in
resistance levels have a greater effect on metabolic cost and muscle activation than changes in
incline in elliptical exercise. Additionally, elliptical exercise has lower muscle activity
requirements when compared with running at a similar metabolic cost.
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1
Introduction
Long distance running is a popular form of exercise, with over 17 million race finishes in
2016 alone (1, 2). Lower extremity injury rates among runners have been observed at rates up to
79.3% annually, specifically categorized as chronic overuse injuries (17, 42). High mileage is
associated with increased exposure to impact forces and is consistently observed as the strongest
predictor for running injuries (13, 17). Multiple cross-training modalities have been identified as
low-impact alternatives to running, including cycling, swimming, deep water running, and
elliptical exercise. Due to its assumed similarity to the motion of running, elliptical trainers are
commonly used as a cross-training modality for endurance running. Elliptical trainers are
machines that were designed to mimic the motion of running while reducing the ground reaction
forces and joint loading on the lower body. Despite claims made by exercise machine
manufacturers, there is limited research addressing whether elliptical exercise can achieve a
similar metabolic response and muscle recruitment pattern to running. In order to understand the
application of elliptical exercise as a substitute for running, it is necessary to examine the
similarities and differences between the mechanics, muscle recruitment patterns and metabolic
response of each modality.
Running Mechanics and the Gait Cycle
The kinematics of running is often described with respect to percentage of the gait cycle.
The gait cycle of running is defined as beginning with the initial ground contact of one foot and
ending when the same foot makes contact again (31). The gait cycle can be further broken down
into phases of stance and swing. Stance phase occurs from initial contact to toe off of one foot,
while swing phase is the time the foot is in the air and driving forward. The body reaches its
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peak height during double float, when both limbs are off of the ground. The time from the body’s
peak height until mid-stance is also known as the energy absorption or loading period. During
loading, the body compresses similar to the mechanism of a spring, by storing kinetic energy as
elastic potential energy in the tendons, muscles, and ligaments of the lower leg (31). The second
half of stance phase is also known as the propulsion phase, where the leg generates force to push
the foot and body off of the ground while also transferring the stored elastic energy back into
kinetic energy.
Ground reaction forces
During the stance phase of running, the runner will exert a force on the ground and will
consequently experience a ground reaction force exerted back on them. Ground reaction forces
can be 2-5 times body weight, with this number increasing as running speed increases (12). This
can be partially attributed to the amount of time spent in the stance phase, which decreases as
speed increases (10).
Running energetics
The metabolic cost of running can be measured by determining the rate of oxygen consumption
and carbon dioxide production. The metabolic cost of running is determined by the underlying
mechanical work and force generation that must be performed by the muscles to move the body
forward. Specifically, there is muscle activity required to swing the leg forward, to lift and
accelerate the center of mass, and to support body weight against the force of gravity (24).
Factors that Influence Running Kinematics and Kinetics
Stride length and stride frequency
Speed while running is determined by stride length and stride frequency as per the equation
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Speed (m/s) = stride length (m) ⋅ stride frequency (strides/sec)

(1)

Stride length is the horizontal distance from foot-ground contact (i.e. foot strike) to the next foot
strike, or one full gait cycle. Stride frequency is a rate of how quickly steps are taken, often
measured as “cadence” in steps per minute (10). Increases in speed are a result of increasing
either stride length and/or stride frequency. Optimal stride frequency for lower oxygen uptake is
closely correlated with preferred stride frequency (19). Increasing stride frequency has also been
associated with decreased loading at the hip and knee while running (16), and results in increased
muscle activity in external rotators of the legs (7).
Uphill running
As running incline increases, there is a linear increase in the metabolic cost of lifting the body
against gravity (18). Additionally, when compared to level running, the cost of braking decreases
with increasing incline (18). Altered kinematics of uphill running notably includes increased hip
flexion, decreased knee flexion, and increased ankle dorsiflexion.
Muscle activation patterns. Muscle activation patterns during running can be characterized
throughout the gait cycle with the use of electromyography (EMG). The beginning of muscle
activity is referred to as “onset” and the end of activity is referred to as “offset”. EMG activity
presents a short 50 ms delay between onset and when muscle force is generated (31). There is
greater activation of the muscles of the lower limbs during the swing to stance transition
compared to the transition of stance to swing (9), which has been attributed to preparation for
large external forces being applied to the body upon foot strike.
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Mechanics of the elliptical stride
In contrast to running, the motion of an elliptical trainer requires constant contact
between the feet and the foot pedals (Figure 1). As a result, there is not a classically defined
“swing phase” as there is in the running gait cycle. Swing phase in the elliptical stride has most
commonly been characterized as the time the foot pedal is moving forward and stance phase as
the time the foot is moving backward (4, 6, 23, 27, 36). In running, stance phase occurs for
approximately 40% of the gait cycle on each leg. However, in the elliptical gait cycle by defining
stance and swing as forward and backward motion of the foot, respectively, each of these phases
will always be equal to 50% of the gait cycle. The start and end of the elliptical gait cycle (0%
and 100%) has also been defined as beginning at the lowest point of the elliptical stride (37).
While there are decreased vertical ground reaction forces during elliptical exercise
compared to running (34), forces are exerted against the pedal throughout the entire gait cycle as
a result of the foot being continuously in contact with the pedal (6). Due to the fact that the foot
stays in contact with the pedal during the forward “swing” phase, there may be also be a
decreased demand of stabilization from the abductor muscles of the stance leg (6).
Elliptical energetics
Calculations for energy expenditure have been observed to be overestimated by elliptical
manufacturers (29). There has been an alternative attempt at the development of an equation to
predict metabolic energy demand for elliptical exercise (8), however this equation did not
include the effect of ramp incline. Although few prior studies have compared running to
elliptical exercise, it has been shown that at a similar respiratory exchange ratio (RER) and
matched cadence, the metabolic cost of elliptical exercise is lower than in treadmill running (5).
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Factors that influence kinematics and kinetics of elliptical exercise
Ramp angle (incline) and resistance
Changing the ramp angle (i.e. incline) of the elliptical results in altered kinematics at the hip,
knee and ankle joints (23). Similar to changes in uphill running, when elliptical ramp incline
increases there is a resultant increase in ankle dorsiflexion, and hip flexion (18, 23). However, in
contrast to uphill running where knee flexion decreases, there is an increase in knee flexion as
elliptical incline increases. Increasing the resistance setting of an elliptical machine increases the
muscle force and total amount of work necessary to move the foot pedals. Higher levels of
resistance consequently increase metabolic cost of the elliptical stride (8)
Stride length and cadence
The stride length of an elliptical is constrained by the design of the machine. In PrecorTM
elliptical trainers, as the incline slope increases, stride length decreases. This stride length is then
used to calculate distance traveled on the display. Other than changing the incline slope, there is
no alternative way to alter stride length in elliptical exercise. Cadence on the elliptical, or pedal
rate, can be freely altered by the user. Similar to increasing speed while running, when elliptical
pedal rate is increased there is an observed increase in pedal reaction forces (6). However, when
elliptical cadence is increased the force patterns of the elliptical stride remain constant (6).
Arm levers
Some elliptical exercisers utilize the use of arm levers to incorporate upper body movement,
however this alters upper body mechanics and there is a resultant increase in activation of the
upper extremity muscles (40). Since running is considered a predominately lower body exercise
(14), this study does not examine elliptical machines that have arm levers.
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Muscle activation patterns
Muscle demands of elliptical exercise have been compared to bicycling, walking and treadmill
exercise (4, 36, 37, 40). It has been speculated that due to the swing leg maintaining contact with
the pedal that there is a decreased demand of the hip abductors of the stance leg compared to
running (6). There are presently no studies that have examined the differences in muscle
activation patterns when ramp incline and resistance levels are manipulated.
Perceived exertion
Some studies have observed matched overall ratings of perceived exertion (RPE) between
running and elliptical exercise at similar heart rates (15, 34). Green et al. (15) observed RPE of
the legs to be greater during elliptical exercise than running at matched heart rates and suggested
that it is due to an increased peripheral influence. However, using RPE recommendations for
exercisers of varying fitness levels may not be a reliable prescription method, as untrained
individuals exercise have been shown to work at a higher percentage of their maximal oxygen
reserve compared to trained individuals at matched RPEs (21).
Cross-training and the specificity of training principle
The specificity of training principle states that “the effect that exercise training has is
specific to the muscles involved in that activity, the fiber types recruited, principle energy system
involved, velocity of contraction and the type of muscle contraction” (35). The use of crosstraining – such as cycling, swimming, deep water running, stair climbing or elliptical exercise –
as a substitute for running is a contradiction to this principle. Alternately, there may still be a
beneficial ‘transfer effect’ from elliptical exercise training to performance of other sports or
exercises such as running.
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Studies that have examined the longitudinal effects of cross-training show that
participating in cross-training activities can increase running performance, however
improvements in running performance are exceeded by increasing training volume with
additional running (14, 20, 22, 26, 33). Short term bike exercise for 11 days resulted in no
decreases in running performance, however it did decrease running economy (greater metabolic
cost) when compared to the “run training” control group (33). An 8-week program of either
additional running or additional swimming showed improvements in running performance for a
swim training group, but even greater improvements in the running group (14). These studies
suggest that doing a more muscularly similar activity has greater benefits when it comes to
transferability of training. There are currently two similar studies that examine the long term
effects of using elliptical exercise as a substitute for running (20, 22).
The longitudinal physiological effects of regular elliptical exercise are similar to running
when used for three to twelve weeks (11, 20, 22). However, while not statistically significant, the
use of elliptical exercise as cross-training for running resulted in a small decrease in V O2 max
compared to continued running (20). Moreover, four weeks of elliptical bike training showed no
differences in physiological or performance measures compared to run training (22). The
elliptical bike is similar to a standard elliptical, however it is not stationary and includes a
dynamic balancing component while riding outside. The results of these studies are promising
for runners who are using elliptical exercise as a cross-training method, however they may be
less applicable for highly trained individuals. The principle of specificity is even more critical for
trained athletes in maintaining fitness, as cross-training effects have not been observed to exceed
sport-specific training (41).
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There is limited research describing the energetic and muscular demands of elliptical
exercise. There are currently no accounts of how muscle activity patterns change on the elliptical
when the ramp incline and resistance levels are manipulated. While peak muscle activation
patterns of elliptical exercise have been reported in comparison to running, muscle activation
patterns of elliptical exercise have not been compared to running. The purpose of this study was
to examine the effect of different levels of ramp incline and resistance on metabolic cost, heart
rate response, and muscle activation during elliptical exercise. A secondary purpose was to
qualitatively compare the metabolic demand and muscle activation patterns of elliptical exercise
to running.
Methods
Participants included 16 young (22±2.21 years), male (n=8) and female (n=8)
experienced runners, with a mean height of 170.9 ± 8.8 cm, and mean mass of 63.9 ± 9.3 kg.
Runners averaged 49.4 ± 14.8 miles per week at the time of the study and were capable of
completing a 5 kilometer run in ≤ 22 minutes. All subjects were considered healthy by being free
of cardiovascular, orthopedic, and neurological disorders as well as not having experienced any
lower extremity injuries in the 6 months prior to participation. Subjects provided written
informed consent prior to participation and self-reported information about their age, medical
history, and average weekly running mileage.
Experimental Protocol
Subjects participated in a total of two sessions. During the first session, subjects were
familiarized to the experimental protocols and exercise machines (motorized treadmill and
elliptical machine). Following a safety orientation, subjects were familiarized to the treadmill
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(Precor TRM835, Woodinville, WA) by running two five-minute trials at the slow and moderate
speeds of 6.7 mph (3.0m/s) and 8 mph (3.6 m/s). Subjects were then familiarized to the elliptical
machine (Precor EFX576i, Woodinville, WA) by completing five-minute trials at four
combinations of ramp incline and resistance, ranging from the lowest ramp incline and resistance
to the highest incline and resistance. The same elliptical was used for all trials, and was assumed
to be calibrated to Precor factory settings. Subjects were instructed to not use the arm levers, and
practiced matching a cadence of 150 steps per minute during all elliptical conditions with the
help of a metronome. Only subjects who were able to consistently maintain this cadence by the
end of the familiarization session were invited to return for the experimental session. Average
stride frequency across all elliptical trials was 149 ± 0.2 (steps/minute), with no differences
across ramp incline or resistance levels (p > 0.05). Resistance and incline levels were chosen to
ensure that all subjects would be able to complete every trial at the prescribed cadence while at a
submaximal effort, determined by respiratory exchange ratios < 1.0 in pilot trials.
During the second session, we first placed EMG electrodes (Trigno biopolar Ag-AgCl,
2cm IED; Delsys Inc, Natick, MA) on eight muscles of the leg to assess each subject’s EMG
activity during three maximum voluntary contractions (MVC) to be used later for normalization
of signals. All MVC tasks were completed prior to their beginning the resting trial, running trials
at 6.7 mph and 8 mph, and nine elliptical trials using combinations of three ramp inclines (20,
23, and 27 degrees) and three resistance levels (3, 6, and 9). Subjects were randomly assigned to
complete either the running or elliptical trials first in a counterbalanced design. Next, the
participant was fitted with a sterilized face-mask used to measure oxygen consumption and
carbon dioxide production. We determined resting energy expenditure through indirect
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calorimetry during a resting trial where subjects were instructed to stand still without talking.
Oxygen consumption was measured for the entire five minute duration of the resting, running
and elliptical trials. Additionally, a foot switch was placed inside the subject’s right shoe to
detect onset of gait cycle events during running. An accelerometer was placed on the elliptical
pedal to detect forward and backward motion and determine gait cycle events during the
elliptical trials.
MVC task: Maximal muscle activation was measured during the MVC of eight muscles of the
subject’s right leg (tibialis anterior, soleus, lateral gastrocnemius, vastus lateralis, rectus femoris,
biceps femoris, semimembranosus, gluteus maximus) using standard methods (32, 39). The
subjects were secured in the apparatus, familiarized with the protocol, and performed three MVC
trials with a minimum of 60 s of rest between trials. Each subject increased muscle force from
zero to maximum in 3 s and maximal force was held for 3 s. Strong verbal encouragement was
given during the task. The MVC condition with the highest achieved activation out of all three
trials was used for normalization of the subsequent running and elliptical trials.
Running and elliptical tasks: During the last two minutes of each five-minute running and
elliptical trial, we collected the rates of oxygen consumption (V̇O2) and carbon dioxide
production (V̇CO2) using indirect calorimetry, leg muscle activation using EMG, and stride
frequency. Average stride frequency was calculated from the time required to take 10 strides,
measured by a foot switch during the running trials, and an accelerometer during the elliptical
trials. Each trial was followed by a minimum of five minutes of rest (25).
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Measurements
Indirect calorimetry: For each running and elliptical trial, we measured the rates of oxygen
consumption (V̇O2) and carbon dioxide production (V̇CO2) using a portable gas analyzer
(K4B2, COSMED Inc., Chicago, IL). Using the average (ml O2 min-1) and (ml CO2 min-1) we
calculated average gross metabolic rate per kilogram body mass (W kg-1) for a thirty second
time period between minutes 3 and 5 when metabolic steady-state had been achieved (3).
Electromyography (EMG): To quantify muscle activity during the MVC and experimental tasks,
we measured surface EMG signals (EMG Works 4.3.2, Delsys Inc., Boston, MA) using
International Society for Electrophysiology and Kinesiology standard procedures (28). We
prepared the subject for data collection by placing EMG electrodes on the skin over the tibialis
anterior (TA), soleus (SOL), lateral gastrocnemius (LG), vastus lateralis (VL), rectus femoris
(RF), biceps femoris (BF), semimembranosus (SM), and gluteus maximus (GM) muscles of the
subject’s right leg. Each electrode pair was placed at the center of the muscle in parallel with
muscle fiber orientation and at an inter-electrode distance of 20 mm. The EMG signals were
collected at a rate of 2000 Hz and pre-amplified with a gain of 2000 (input impedance >100
MW, common mode rejection ratio >110 dB at 60 Hz). During the running and elliptical trials of
the experimental session, we used EMG to determine the activation patterns of each muscle for
30 seconds during the last two minutes of each trial. After data collection, raw EMG data was
bandpass filtered (6th order Butterworth) to retain frequencies between 10 and 500 Hz.
For each trial, we analyzed ten consecutive strides of EMG data. To analyze the EMG signals,
we full-wave rectified the filtered EMG signals and calculated the root mean square (40 ms
moving window) EMG amplitude (EMGRMS) across the stride cycle (Gavilanes-Miranda, 2012).
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For all running and elliptical trials, we normalized the EMGRMS of each muscle relative to its
peak EMGRMS amplitude during the MVC condition.
Foot switch and accelerometer: A force sensing foot switch (sampling rate 2000 Hz) was placed
inside of the subject’s right shoe and was used to identify the beginning and end of each gait
cycle. More specifically, the foot switch was used to identify foot strike and toe off events during
the running trials. For the elliptical trials, an accelerometer (Trigno IM Sensor, sampling rate
2000 Hz; Delsys, Inc., Natick, MA) was placed on the right elliptical pedal to identify the
beginning and end of the forward foot motion. These events were then used to quantify the
duration and timing of gait cycle events and used to normalize the EMGRMS signal with respect
to time of each gait cycle.
Statistical analysis: Repeated measures ANOVAs were used to determine the effects of
resistance, incline, and the interaction effect between resistance and incline levels on metabolic
cost, muscle activation levels, and heart rate responses. Significance was set at p < 0.05. When
sphericity was violated, a Huynh-Feldt correction was applied. Post hoc analyses of paired
sampled t-tests were run when significant differences were observed to determine where
differences existed. All averages are reported as mean ± standard error of the mean (SEM) unless
otherwise noted.
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Results
Elliptical Exercise
Metabolic Cost
Resistance: For all incline slopes on average, when resistance was increased from 3 to 9,
metabolic cost increased approximately 30% (p < 0.001) (Figure 2). Specifically, when
resistance levels were increased from 3 to 6, metabolic cost only increased by about 8-9% (p <
0.001) (Figure 2). However when going from a resistance of 6 to 9, metabolic cost increased by
about 21% (p < 0.001), suggesting that alterations in resistance level does not lead to a linear
increase in cost (Figure 2).
Incline: As ramp incline increased, there was a subsequent increase in metabolic cost (p <
0.001). A Specifically, from the 20 to 23 degree inclines there was approximately a 2% increase
in metabolic cost (p < 0.05) (Figure 3). From inclines 23 to 27 degrees, there was about a 2-4%
increase in metabolic cost (p < 0.05) (Figure 3). These changes in metabolic cost due to
increased incline slope were consistent except at the resistance level of 6 where post hoc analysis
revealed that between inclines 20 and 23 there were no differences in metabolic cost (p = 0.139).
The elliptical incline and resistance levels were conservatively selected for this study to
ensure all subjects would be able to complete all trials at a RER of < 1.0; average measured RER
values across all elliptical trials did not exceed 0.92. Changes in heart rate response due to
resistance and incline closely paralleled the significant changes we observed in metabolic cost
(Table 1). There was no observed interaction effect between ramp incline and resistance on
metabolic cost or heart rate (p > 0.05).
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Muscle Activity
Resistance: Across all incline slopes, increasing resistance from 3 to 9 increased muscle
activation in most muscles of the upper and lower leg (Table 2, Table 3). Specifically, we saw
increases in muscle activation of approximately 19% for GM (p = 0.001), 40% for BF (p =
0.001) (Figure 4a), and 31% for SM (p = .002) (Figure 4b) for the muscles of the upper leg.
Additionally, there was an increase in muscle activity of the lower leg across resistance levels
including 45% for LG (p = 0.004) (Figure 4c), and 23% for SOL (p = 0.002) (Figure 4d). In
contrast, RF activation decreased 12% across resistance levels (p = 0.007), and VL and TA did
not change (p = 0.149 and p = 0.262, respectively). Post-hoc analysis revealed that the observed
increases in muscle activation with resistance were primarily attributed to increases from
resistance level 6 to 9.
Incline: Across all resistance levels, increasing incline degree from 20 to 27 resulted in
14% increase for RF (p < 0.001), and 21% increase for TA muscle activity (p = 0.003) (Figure
5). In contrast, the activation of all other muscles (GM, BF, SM, VL, SOL, and LG) did not
change as a result of increasing elliptical ramp incline.
Elliptical Exercise vs. Running
For all comparisons of elliptical exercise to running, we used the highest resistance (level
9) and highest incline (27 degrees) trial to represent elliptical exercise, and the running trial at
6.7 mph, as they elicited the most similar metabolic responses. Due to the inconsistencies
between timing of the phases in the gait cycle for running and elliptical exercise, we were only
able to compare muscle activation for the whole gait cycle. Average step frequency during the
running trial at 6.7 mph was 165 ± 0.01 and during the elliptical exercise was 149 ±.0.002.
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Metabolic Cost: Average gross metabolic power during running was approximately 8%
higher than the average gross metabolic power during elliptical exercise (p < 0.001). Although
metabolic cost was greater during running compared to elliptical exercise, both exercise modes
had average RER values suggesting the utilization of aerobic metabolic pathways (0.89 ± 0.01
and 0.92 ± 0.01, respectively).
Muscle Activity: The observed muscle activation patterns in the running trial were
consistent with the patterns found in prior literature (7, 31). When compared to elliptical
exercise, the muscles with the highest percent differences included those responsible for knee
flexion and dorsiflexion. Knee flexors including the BF, SM, and LG were 117%, 136% and
108% more active, respectively, during running compared elliptical exercise. The TA, which
primarily dorsiflexes the foot, was 104% more active, while the SOL that is responsible for
plantarflexion was only 58% more active during running. The muscles with the smallest
difference in activation between running and elliptical exercise were of those of the upper leg
that span the hip. Specifically, running elicited only an 18% increase in GM and 33% increase in
RF muscle activation when compared to elliptical exercise (Figure 5a). In contrast, there was a
small 6% decrease in VL activation during running as compared to elliptical exercise (Figure
5b).
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Discussion
The purpose of this study was to evaluate the effect of ramp incline and resistance levels
on the metabolic cost and leg muscle activation patterns of elliptical exercise. The results of this
study rejected the null hypothesis and show that increasing ramp incline from 20 to 27 degrees
significantly increased metabolic cost ~5-6% while increasing resistance level from 3 to 9
increases metabolic cost by ~30% (Figure 1, Figure 2, Table 1). Furthermore, average muscle
activity for most muscles of the upper and lower leg increased 23-45% across the range of
resistances (Figure 3). In contrast, only the TA and RF showed increases in average muscle
activation when ramp incline was increased (Figure 4).
The changes in muscle activation due to increasing ramp incline during elliptical exercise
is likely related to changes in leg kinematics associated with steeper incline slopes. At steeper
ramp inclines, ankle dorsiflexion and knee flexion increase and ankle plantar flexion and hip
extension decreases (23). We observed that as incline increased, TA muscle activation across the
gait cycle also increased. We also observed an increase in SOL activity during the second half of
stance (p = .001), however no differences in LG activity during the same time period (p = .796).
While both the SOL and LG are responsible for plantarflexion, the SOL is preferentially
activated during the propulsive phase of running. Moreover, when the knee is more flexed such
as observed at steep ramp inclines, the SOL contributes more to ankle plantarflexion during the
propulsion phase than the LG (30). These findings suggest that elliptical exercise at a higher
incline may spare LG activity. Although the kinematic differences observed in Knutzen’s study
were a result of 12 and 27 degree changes in incline, the 3 and 4 degree increases in incline in
this study still elicited enough of a change to significantly alter metabolic cost and muscle
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activation in two of the measured muscles (RF and TA). These small changes in muscle
activation could be related to changes in kinematics associated with an increased requirement for
balance or an increase in mechanical workload.
While increasing ramp incline during elliptical exercise alters joint kinematics (23),
elliptical exercise does not require the same increased demand of performing mechanical work to
raise the body as during running. In running, as incline slope increases the body performs
increasing amounts of external mechanical work against gravity to lift the body but with little
change in the work required to swing the legs or arms. Specifically, increasing ramp incline in
running from 1-4 degrees at 3.0 m/s results in a 35% increase in metabolic cost (18). In contrast
to running, increasing elliptical ramp incline from 20-27 degrees only increases metabolic cost 56%. Changes in both metabolic cost and muscle activation in elliptical exercise were more
influenced by changes in resistance levels.
This study examined the differences between a range of three resistance levels (3, 6, and
9), and across all incline levels measured, metabolic cost increased by approximately 30% from
the lowest to highest resistance. This large increase in cost is likely related to the increased
muscle activation required to perform a greater amount of work to overcome the resistive forces
of the pedal, and suggests that resistance is a primary determinant in mechanical work during
elliptical exercise. Unlike running but similar to riding a bicycle, elliptical exercise relies
primarily on concentric muscle contractions with little need for eccentric muscle activation.
Because concentric muscle contractions require more metabolic energy than eccentric muscle
contractions for force generation (38), the increase in resistance likely explains the similarly
large increases in muscle activation and metabolic cost of elliptical exercise.
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Unlike bicycling or elliptical exercise, during running the extensor muscles of the leg
contract eccentrically as the body absorbs the impact of the ground during the loading phase and
contract concentrically during the propulsion phase. The increases in muscle activation observed
during running primarily occurred just before and immediately following initial contact. In
elliptical exercise, the foot stays in contact with the pedal throughout the elliptical exercise gait
cycle and the body does not need to attenuate high impact forces as it does during running. It is
likely that the lower impact forces associated with elliptical exercise requires lower levels of
muscle activation when compared to running. These observations help explain how at relatively
similar metabolic costs, muscle activation is still substantially higher during running than during
elliptical exercise.
This study delimited the subjects tested to only include experienced runners, and the
metabolic responses may not be comparable to runners of different fitness levels. We also set one
prescribed step rate for all elliptical trials, and only tested a limited range of incline and
resistance levels. Altering stride rate in elliptical exercise has been shown to influence metabolic
cost (8), and may present an interaction effect with the other variables we manipulated. There are
also limitations associated with comparing elliptical exercise to running. While elliptical exercise
machines are designed to mimic the motion of running, they confine the user to a set stride
length and motion path of the pedal. The average stride frequency during running was
consistently higher than the prescribed frequency set for all of the elliptical trials, resulting in a
shorter relative cycle time for running. We would expect to see modified muscle activation
patterns in running at a lower stride frequency closer to the 150 steps per minute prescribed
frequency (7). Similarly, increasing step frequency results in higher loading rates during
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elliptical exercise (6) and could also lead to alterations in muscle activation patterns in elliptical
exercise.
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Conclusions
Increases in both ramp incline and resistance levels increase metabolic cost and heart rate
response during elliptical exercise. Additionally, muscle activation levels generally increased
when resistance levels increased. Resistance level had a greater influence on all dependent
variables compared to incline levels. Despite claims made by elliptical manufactures, results
from this study suggest that increasing ramp incline only results in increased muscle activation of
the RF and TA across the gait cycle. At a similar metabolic cost, elliptical exercise has a lower
demand of muscle activation when compared to running. For athletes or coaches interested in
using elliptical exercise as a means of cross training, these results may help them to better
understand which muscles are activated less during elliptical exercise, and thus help athletes
avoid stressing specific muscles while attempting to maintain aerobic fitness levels.
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Figures

A

B

C

D

Figure 1. Phases of the elliptical gait cycle. (A) 0%, representing the start of stance phase, also
known as absorption. (B) 25% of the elliptical gait cycle, half way through stance phase, also
known as loading. (C) 50% of the elliptical gait cycle, end of stance phase and beginning of
swing phase. (D) 100% representing the end of swing phase.
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Figure 2. Average gross metabolic power (Watts/kg) across incline levels for low ( ), medium (
), and high resistance ( ) levels, averaged from the final two minutes of each trial ± standard
error of the mean. (N=16).
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Figure 3. Average gross metabolic power (Watts/kg) across resistance levels for 20 ( ), 23 ( ),
and 27 ( ) degree incline levels, averaged from the final two minutes of each trial ± standard
error of the mean. (N=16).
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Figure 4. (A) Average biceps femoris EMGRMS activity, (B) average semimembranosus EMGRMS
activity, (C) average lateral gastrocnemius EMGRMS activity, and (D) average soleus EMGRMS
activity normalized to percentage of the elliptical gait cycle at 27 degree incline for resistance
levels 3 ( ), 6 ( ), and 9 ( ). (N=16).
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Figure 5. (A) Average rectus femoris EMGRMS activity and (B) average tibialis anterior EMGRMS
activity normalized to percentage of the elliptical gait cycle at resistance 9 for 20 ( ), 23 ( ),
and 27 ( ) degree incline levels. (N=16).
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Figure 6. (A) Average gluteus maximus EMGRMS activity and (B) average vastus lateralis
EMGRMS activity normalized to percentage of the elliptical ( , solid line) and running ( ,
dashed line) gait cycles (N=16).
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Tables

Degree Incline
20

23.5

27

8.15 ± 0.15

8.29 ± 0.16*

8.62 ± 0.16*

8.86 ± 0.20†

9.00 ± 0.15†

9.34 ± 0.18*†

10.70 ± 0.29†

10.99 ± 0.28*†

11.20 ± 0.26*†

53.65 ± 2.10

54.43 ± 1.89

55.86 ± 1.91*

Resistance 6

56.61 ± 1.90†

56.99 ± 1.95†

58.16 ± 1.84*†

Resistance 9

64.03 ± 2.15†

65.50 ± 2.15*†

66.97 ± 2.16*†

Metabolic Power (Watts/kg)
Resistance 3
Resistance 6
Resistance 9
Heart rate (% HR max)
Resistance 3

Table 1. Mean gross metabolic power (Watts/kg) and heart rate responses (% of predicted. Mean gross
metabolic power (Watts/kg) and heart rate responses (% of predicted heart rate maximum) for all
conditions from the last two minutes of each trial ± standard error of the mean (N=16). * Denotes
significant differences from incline 3.5° lower condition (p < 0.05). † Denotes significant differences
from resistance 3 lower condition (p < 0.05).
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Muscle

Condition

Mean ± SEM

GM

Resistance 3
Resistance 6
Resistance 9
Run 3.0 m/s

0.11 ± 0.02†
0.11 ± 0.02†
0.14 ± 0.02*†
0.16 ± 0.02

BF

Resistance 3
Resistance 6
Resistance 9
Run 3.0 m/s

0.06 ± 0.01†
0.06 ± 0.01†
0.08 ± 0.01*†
0.17 ± 0.02

SM

Resistance 3
Resistance 6
Resistance 9
Run 3.0 m/s

0.04 ± 0.01†
0.05 ± 0.01*†
0.06 ± 0.01*†
0.14 ± 0.02

VL

Resistance 3
Resistance 6
Resistance 9
Run 3.0 m/s

0.22 ± 0.03†
0.20 ± 0.02*
0.22 ± 0.02*†
0.20 ± 0.02

RF

Resistance 3
Resistance 6

0.12 ± 0.01†
0.10 ± 0.01*†

Resistance 9
Run 3.0 m/s

0.10 ± 0.01†
0.14 ± 0.02

Table 2. Mean values for muscle activation across the elliptical and running gait cycle ± standard
error of the mean for muscles of the upper leg (N=16). All elliptical values represent the 27
degree incline condition that elicited a similar metabolic response to the running condition (3.0
m/s). * Denotes significant difference from resistance 3 lower condition (p < 0.05). † Denotes
significant difference from run condition (p < 0.05).
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Muscle

Condition

Mean ± SEM

TA

Resistance 3
Resistance 6
Resistance 9
Run 3.0 m/s

0.09 ± 0.01†
0.09 ± 0.01†
0.09 ± 0.01†
0.19 ± 0.02

SOL

Resistance 3
Resistance 6
Resistance 9
Run 3.0 m/s

0.29 ± 0.04†
0.30 ± 0.04*†
0.36 ± 0.05*†
0.57 ± 0.10

LG

Resistance 3
Resistance 6
Resistance 9
Run 3.0 m/s

0.17 ± 0.04†
0.18 ± 0.04*†
0.24 ± 0.05*†
0.51 ± 0.11

Table 3. Mean values for muscle activation across the elliptical and running gait cycle ± standard
error of the mean for muscles of the leg. (N=16). All elliptical values represent the 27 degree
condition that elicited a similar metabolic response as the running condition (3.0 m/s). * Denotes
significant difference from resistance 3 lower condition (p < 0.05).
difference from run condition (p < 0.05).

†

Denotes significant

